Abstract Mammographic density is a strong risk factor for breast cancer but its underlying biology in healthy women is not well-defined. Using a novel collection of core biopsies from mammographically dense versus non-dense regions of the breasts of healthy women, we examined histologic and molecular differences between these two tissue types. Eligible participants were 40 ? years, had a screening mammogram and no prior breast cancer or current endocrine therapy. Mammograms were used to identify dense and non-dense regions and ultrasound-guided core biopsies were performed to obtain tissue from these regions. Quantitative assessment of epithelium, stroma, and fat was performed on dense and non-dense cores. Molecular markers including Ki-67, estrogen receptor (ER) and progesterone receptor (PR) were also assessed for participants who had [0% epithelial area in both dense and non-dense tissue. Signed rank test was used to assess within woman differences in epithelium, stroma and fat between dense and non-dense tissue. Differences in molecular markers (Ki-67, ER, and PR) were analyzed using generalized linear models, adjusting for total epithelial area. Fifty-nine women, mean age 51 years (range: 40-82), were eligible for analyses. Dense tissue was comprised of greater mean areas of epithelium and stroma (1.1 and 9.2 mm 2 more, respectively) but less fat (6.0 mm 2 less) than non-dense tissue. There were no statistically significant differences in relative expression of Ki-67 (P = 0.82), ER (P = 0.09), or PR (P = 0.96) between dense and non-dense tissue. Consistent with prior reports, we found that mammographically dense areas of the breast differ histologically from non-dense areas, reflected in greater proportions of epithelium and stroma and lesser proportions of fat in the dense compared to non-dense breast tissue. Studies of both epithelial and stromal components are important in understanding the association between mammographic density and breast cancer risk.
occupying over 60-75% of the breast are at 3-6 times greater risk of breast cancer than women with little or no density [3, 4] . However, what breast density represents at the tissue level is still not well-defined.
Previous studies have assessed the association between mammographic density and histologic features on mastectomy, breast biopsy, autopsy, or nipple aspirate specimens. Taken together, these studies consistently show positive associations of mammographic density with increased area of epithelial and stromal tissues, in particular, areas of collagen, as well as nuclear area of both epithelial and nonepithelial cells [5] [6] [7] [8] [9] [10] [11] . However, the majority of these studies were performed on tissue obtained in women with underlying breast symptoms, and the tissue was not specifically procured from radiologically dense areas of the breast. Examining the histology of tissue specifically obtained from dense and non-dense areas of the breast would complement these previous findings and extend our understanding of the biology of breast density.
The positive associations of mammographic density with stromal and epithelial proliferation [5, 9, 10, [12] [13] [14] have resulted in investigations of cell proliferation markers including Ki-67, MIB1, and DNA S phase percentage, and mammographic density, with inconsistent associations [7, 8, [15] [16] [17] . Mammographic density has also been established as a hormonally responsive trait, with studies showing decrease in mammographic density with tamoxifen, menopause and parity and increased mammographic density with use of postmenopausal hormone therapy [18] [19] [20] [21] . Consequently, hormone receptors for estrogen and progesterone have been examined among biopsy samples from symptomatic women or non-cancerous tissue from post-mastectomy specimens and showed no association with overall mammographic density [15, 16] . As of now, no studies have examined markers of proliferation or hormone receptors in tissue specifically derived from dense and non-dense regions of the breast.
In this report, we present results from a study that uniquely sampled tissue from mammographically dense and non-dense areas within the breasts of healthy women in order to examine histological and molecular correlates of mammographically dense and non-dense breast tissue.
Methods

Study population
Asymptomatic healthy volunteers were recruited through advertisements between 2006 and 2008 at the Mayo Clinic, Rochester, Minnesota. This study was approved by the Mayo Clinic Rochester Institutional Review Board. Eligible women were aged 40 years or older with no personal history of breast cancer and a normal screening mammogram within 6 months of biopsy. Patients were ineligible if they were currently using postmenopausal hormones, oral contraceptives, other reproductive endocrine therapy, or anticoagulants. Other exclusions included history of bleeding complications or allergy to local anesthetic agents. All participants completed a study-specific questionnaire assessing breast cancer risk factors including age at menarche, age at first parity, family history of breast cancer in a first degree relative, use of oral contraceptives or postmenopausal hormone therapy, number of breast biopsies, and prior history of atypical hyperplasia.
Ascertainment of dense and non-dense breast core biopsies Mammography and ultrasound were both used to localize regions of dense and non-dense tissue. Using mammogram films (two views of each breast) taken within 6 months of the study biopsy, the radiologist (KRB) identified areas of high and low density in the upper outer quadrant of the right breast. If the patient had a previous benign surgical biopsy in the right breast, the upper outer quadrant of the left breast was selected for biopsy. Mammographically identified dense and non-dense areas were then localized by use of 3-D ultrasound. Patients were excluded if the radiologist could not localize areas of both high-and lowdensity in the same breast.
Sonographically, the dense tissue selected for biopsy was either homogenously hyperechoic (relative to subcutaneous breast fat) or a heterogenous mixture of hyperechoic tissue and hypoechoic tissue. Sonographically, the non-dense tissue selected for biopsy was isoechoic to subcutaneous breast fat. Following injection of local anesthetic, using a 14-gauge needle, an ultrasound-guided core-needle biopsy was performed in the dense and nondense regions. Four tissue cores were taken from both dense and non-dense regions (Fig. 1) . Three tissue cores were fixed in 10% normal buffered formalin and then paraffin embedded into one tissue block. The fourth tissue core was frozen for future studies. Thirty serial sections (5 l) were cut from each paraffin-embedded tissue block. Sections 1, 15, and 30 from both the dense and non-dense tissue blocks were used for conventional staining with hematoxylin and eosin (H&E) and histologically examined to insure that the tissue cores contained benign tissue.
Histological and molecular marker assessment
Quantitative assessment of the areas of epithelium, stroma, and fat was performed on blinded sections (section 15) from the dense and non-dense areas using image analysis. Each H&E stained slide was scanned using the Hamamatsu NanoZoomer Digital Pathology (NDP) (Bacus Laboratories, Inc.) to generate high resolution images at 20 times magnification.
The total area of tissue on each section was manually outlined to include the combined area of epithelium, stroma, and fat. Next, the individual areas of epithelium, stroma, and fat (in mm 2 ) were each outlined separately [22] . The area measurement tool within the Bacus Laboratories Webslide Browser [23] program was used for all area measurements.
For cores with adequate epithelium, extent of lobular involution was also assessed on the H&E stained slides from dense and non-dense areas by a pathologist (DVW) experienced with the assessment of involution [24] . Involution was categorized as no involution (0% lobules involuted), partial involution (1-74% lobules involuted) or complete involution (C75% lobules involuted) [24] .
One section (slide 16, 17, and 18, respectively) from each of the dense and non-dense tissue blocks was stained for Ki-67, estrogen receptor (ER), and progesterone receptor (PR) using standard antibodies (MIB-1, Dako for Ki67; Clone ID5, Dako for ER; PgR363, Dako for PR). Computer assisted analysis was perform by using the IHCScore software provided by Bacus Laboratories, Inc. This software allows for individual analysis of regions of interest for measurements of (1) total area, (2) absolute stained (IHC) area, and (3) percentage stained (IHC) area (referenced to the total area). Only women with [0% (some) epithelial cells on both dense and non-dense sections were eligible for the comparisons of hormone receptors (estrogen and progesterone) and cell proliferation marker, Ki-67.
Assessment of reproducibility was performed for the image analysis of morphometry (areas and proportions of epithelium, stroma, and fat) and antibody expression (percentage stained area for Ki-67, ER, and PR). A total of five pairs of sections were selected randomly from the entire set of 59 pairs and evaluated in a blind fashion. Both the intraclass correlation coefficient [25] and concordance correlation coefficient [26] [27] [28] were used to assess agreement of the histologic and molecular marker reads. Both the intraclass and concordance correlations have been shown equivalent to extensions of the weighted kappa statistic, and therefore appropriately measure agreement. The correlation coefficients exceeded 0.98 for all markers examined, providing evidence for strong agreement of our marker assessment.
Classification of benign breast disease
The H&E stained slide (section 15) of breast tissue from dense and non-dense areas was assessed for the type of benign breast tissue. Tissue was classified by the breast pathologist (CR and DVW) into the following categories: non-proliferative disease, proliferative disease without atypia, and atypical hyperplasia using standard criteria described by Dupont et al. [29, 30] .
Participant acceptance of procedure
Participants were also asked to complete a questionnaire after the procedure to determine if they had experienced pain (numeric rating scale ranging from 0 to 10) [31] [32] [33] , anxiety related to the procedure (numeric rating scale from 0 to 10) [34] , and if they would recommend this procedure to other women (yes; maybe; no).
Statistical analyses
Characteristics of study participants were summarized with means and standard deviations, or counts and percentages, as appropriate. The Gail model risk score was calculated for all women using the Gail model 2 risk calculator. This score is based on risk factor information including age, race, history of breast cancer, age at menarche, age at first parity, family history of breast cancer in a first degree relative, number of previous breast biopsies, and atypical hyperplasia on prior breast biopsy. A woman is considered at elevated risk of breast cancer if her risk score is C1.66 [35, 36] .
The area of epithelium, stroma and fat was quantified both as absolute area (mm 2 ) and as the ratio of the area of the cell type by the total area of tissue on the slide (proportion). The percent of the assessed area staining positive for each of the molecular markers (Ki67, ER, and PR) was measured from each tissue sample from women whose dense and non-dense tissues had any ([0%) epithelial cells.
Comparisons between the area and percent of dense and non-dense histologic tissue types within a woman were made using signed rank tests. Generalized linear models were applied to further compare the histologic and molecular correlates of dense and non-dense samples after adjusting for subject-level covariates, including amount of epithelial area, while controlling for the repeated measurements within subjects with generalized estimating equations approaches [37, 38] . Where the data were not normally distributed, a link function was applied within the analyses (i.e., logit or logarithmic). All analyses were performed within the SAS statistical computing platform (Cary, NC) and all tests of significance were two-sided.
Results
A total of 238 women inquired about study participation; of these, 146 (61.3%) were ineligible, 23 (9.7%) expressed interest but did not participate, 3 (1.3%) were scheduled for the biopsy but did not show for their appointment and 66 (27.7%) completed the study. Since our comparisons in the current study required tissue from both dense and nondense regions in individual participants, seven participants were excluded who only had cores available from a nondense (n = 6) or dense (n = 1) region of their breasts. Thus, 59 women were included in the current analyses. Participant characteristics are described in Table 1 . All were Caucasian and the mean age of the participants was 51 years (range 40-82 years). In addition, 37.3% of the women were premenopausal. The mean 5-year Gail model risk score of the participants was 1.3% (SD = 0.9%). Only a small proportion of participants had breasts that were almost all fat (3.4% had BI-RADS = 1) or extremely dense (3.4% had BI-RADS = 4), since a requirement that participants had representative areas of high and low densities was part of the eligibility criteria. Table 2 describes the differences in area (mm 2 ) and proportion (ratio of the area of the cell type by the total area of tissue on the slide) measures of each cell typeepithelium, stroma or fat, between dense and non-dense breast tissue. Dense tissue was comprised of greater areas of epithelium and stroma (1.1 and 9.2 mm 2 more, respectively) but less fat (6.0 mm 2 less) than non-dense tissue. The differences in proportions were 4.8% greater epithelium, 46.1% greater stroma but 50.9% less fat in dense than non-dense tissue (all P \ 0.0001). These differences in histology did not differ by Gail model risk score. There was also a statistically significant difference between dense and non-dense tissue with regard to the type of benign breast tissue, with greater proportions of proliferative disease without atypia among the dense sections (88.1% of dense sections were non-proliferative versus 100% in non-dense tissue; 11.9% proliferative disease without atypia in dense versus 0% in non-dense; atypical hyperplasia 0% in both dense and non-dense tissue) (P = 0.01). Involution status was compared between dense and nondense tissue, using 23 pairs for whom involution could be evaluated in the core biopsy (Table 3 ). There was suggestion of a greater proportion of complete involution in the non-dense areas (73.9%) compared to dense areas (52.2%) but the findings were non-significant. Similarly, there was little difference in mean involution score between these two tissue types (Table 3) .
Preliminary analyses of Ki-67, ER, and PR were performed on the 24 women who had [0% epithelial cells present on both dense and non-dense tissue sections. There were no statistically significant differences in relative expression of Ki-67 (P = 0.82), ER (P = 0.09), or PR (P = 0.96) between dense and non-dense tissue (Table 4) . However, the difference in relative expression of ER was 2.7-fold greater in dense compared to non-dense tissue.
Participants reported little pain (mean value (SD) = 0.6 (1.0); range 0-4) or anxiety (anxiety: mean value (SD) = 1.6 (1.8); range 0-7, both on a scale of 1-10) related to the biopsy procedure. Most participants indicated that they would recommend this procedure to other women (no = 0%; maybe = 7%; yes = 93%).
Discussion
This report describes histological and molecular characteristics of breast tissue specifically sampled from dense and non-dense regions of the breasts of healthy women. We found that mammographically dense areas of the breast differ histologically from non-dense areas, reflected in greater proportions of epithelium and stroma, lesser proportions of fat, and higher proportion of proliferative disease without atypia in the dense compared to non-dense breast tissue. However, we found no significant differences in expression of Ki-67, ER, or PR, or involution status, in dense versus non-dense tissue.
Our findings are consistent with those from prior studies assessing the association between histological and mammographic features of the breast [5, 6, 10, 14, 16, 39] . Bartow et al. [10] studied mastectomy specimens and found that mammographic density was more likely to be associated with epithelial hyperplasia. Fisher et al. [14] also assessed mastectomy specimens and reported that dense areas as depicted on mammograms of the mastectomy specimens were more likely to have fibrous tissue than radiolucent areas. Studies of tissue obtained at clinical breast biopsies also reported epithelial hyperplasia associated with mammographic density in some studies [13, [39] [40] [41] but no associations in other studies [42, 43] . In the most comprehensive study to date, Li et al. [6] examined breast tissue at the time of forensic autopsy, and correlated estimates of mammographic density on tissue sections with histologic features using quantitative microscopy. They reported that percent mammographic density on the section was associated with epithelial and non-epithelial nuclear area, collagen, and area of glandular structures [6] . Lin et al. [11] used image-guided technique to sample high and low mammographic density tissues from mastectomy specimens and showed that high mammographic density areas of the breast had higher stromal and lower fat composition compared to low mammographic density regions of the same breast. We extend these prior findings to breast tissue from targeted dense and non-dense regions from healthy, living women. Our histology findings are consistent with most prior reports showing that mammographically dense areas reflect increased proportion of stroma and Numbers in parentheses represent standard deviation a Proportion refers to the ratio of the area of the specific tissue type to the total area of breast tissue on the slide epithelium and less fat compared to non-dense areas. Taken together, these studies suggest need for further investigation of stromal and epithelial contributions to the mammographic density and breast cancer association.
Benign breast conditions such as atypical hyperplasia and proliferative disease without atypia are associated with increased breast cancer risk and have been considered to be histological precursors of breast cancer [29, 30] . Several studies have examined the association between benign breast conditions on breast core-biopsies or mastectomy specimens, and mammographic density [5, 13, 14, 39, 40, [42] [43] [44] . Our findings of higher proportion of proliferative disease without atypia in dense compared to non-dense tissue are consistent with those that found associations between proliferative changes in the epithelium and mammographic density [5, 13, 14, 39, 40, 44] . In one of the largest case-control studies to date (Canadian National Breast Screening Study), women with greater than 75% density had increased risk of ductal cancer in situ or atypical hyperplasia (Odds Ratio 9.7; 95% Confidence Interval: 1.7, 53.9), as well as increased risk of proliferative disease without atypia (Odds Ratio 12.2; 95% Confidence Interval: 2.9, 50.1) compared to women with non-dense breasts [39] . Our data would suggest that epithelium in dense tissue is more susceptible to cancer than epithelium in non-dense tissue. Moreover, all dense tissue may not reflect similar features, as dense tissue from only a small proportion of women (12%) was seen at greater risk of breast cancer, as defined by proliferative disease.
We previously demonstrated that involution assessed from a breast biopsy was inversely associated with mammographic density of the whole breast [45] . Further, Lin et al. [11] showed that areas of high mammographic density in mastectomy specimens had higher glandular counts and greater proportion of smaller and less complex glands or type I lobules compared to areas of low mammographic density. Based on these reports, we had expected to see a difference in involution corresponding to tissue from targeted dense and non dense regions, but we instead found no evidence of association. However, our evaluation of involution in the dense versus non-dense tissue was limited in power, with only 23 pairs for analysis. Also, as noted previously [45] , the inverse association between mammographic density and involution is complex; the current definition for lobular involution does not differentiate the replacement of involuted lobules by stroma and/or fat [24] and mammographic density likely has differential associations with involution depending on the replacement by stroma and/or fat [45] . Our findings of a lack of difference in involution by dense and non-dense tissue are consistent, though, with a previous study by our group that found involution was similar across the breast [46] . Continued research with larger number of women will be needed to study these issues further. The lack of association between ER and PR in dense versus non-dense regions of the breast is consistent with the few studies that examined these markers with mammographic density [15, 16] . Verheus et al. [15] studied hormonal and proliferation markers in benign breast tissue cores obtained from breast cancer tumor blocks in 159 women. They showed no significant association between mammographic density and expression of steroid receptors or proliferation markers. Similar to our findings for Ki-67, mammographic density has not been shown to correlate with proliferation markers in the majority of studies to date. Five studies have examined mammographic density and markers of proliferation in benign tissue or nipple aspirates in breast cancer cases, mastectomy specimens [16] , high risk women [8, 17] , and reduction mammoplasty [7] . The only positive association was reported by Harvey et al. [16] who studied non-cancerous tissue from mastectomy specimens of 56 women; half of them were on postmenopausal hormone therapy. They found increased density was significantly associated with Ki-67 activity in the ducts and lobule type 1 for both pre-and post-menopausal women. Even with our limited power, the estimates of relative difference for Ki-67 and PR between the two tissue types were close to unity, consistent with no difference in these markers. Interestingly, there was a 2.7-fold difference between ER expression in dense versus non-dense tissue. Owing to the small sample size, we cannot rule out a true difference. Thus, examining ER expression in these two tissue types is an area for future investigation.
The patients' response to the biopsy study demonstrated the feasibility of performing tissue-based studies of healthy women to study breast disease. This is important, as the use of clinical information, combined with radiologic information (such as mammographic density) and tissue markers from breast biopsy tissue or possibly even random breast biopsies may be able to stratify women based on breast cancer risk.
We acknowledge that this study has limitations in terms of the generalizability of the findings as the study population was a group of healthy women volunteers from the upper Midwest of the United States. This study will need to be validated in larger and diverse populations. We used both mammography and ultrasound to localize dense and non-dense regions, but recognize the utility of using a modality such as magnetic resonance imaging for better precision of localizing these regions. Also, our findings with estrogen and progesterone receptor as well as involution are limited by power and must be viewed as exploratory, since only 24 women had sufficient epithelial tissue on their dense and non-dense sections and involution status was only available on 23 of these. However, this is the first study of its kind, wherein tissue was specifically obtained from dense and non-dense areas of the healthy breast to better characterize mammographic density. Our findings confirm that mammographically dense tissue is comprised of greater epithelium and stroma and less fat compared to non-dense tissue. Hence, study of both epithelium and stroma are likely to be important in understanding mammographic density and its association with breast cancer.
